Changes in membrane and periplasmic protein profiles induced by starvation conditions in the marine Vibrio sp. S 14 were examined by one-dimensional gel electrophoresis. Analysis by densitometry resolved at least six periplasmic proteins, nine outer membrane proteins, and four cytoplasmic membrane proteins induced at various times during 120 h of nutrient and energy starvation. Eight of these were also synthesized by heat-and/or ethanol-shocked cells. Pulselabelling indicated that the starvation-induced proteins were not products of degradation, and that their synthesis was differently modulated during starvation. The most pronounced changes occurred during the initial hours of nutrient and energy deprivation. The correlation between the initial changes in protein composition and utilization of the intracellular energy reserve poly-#-I-hydroxybutyrate is discussed. The rate of proteolysis during the initial hours of starvation was approximately 16 times greater than that during exponential growth.
INTRODUCTION
Growth of heterotrophic bacteria in marine environments is inhibited by periods of insufficient energy and nutrients (e.g. Wheeler & Kirchman, 1986) . The long-term survival of marine bacteria in energy-and nutrient-limited microcosms is well documented (Morita, 1985) . The Vibrio sp. S14 used in this study remains 100% viable after 1 week in unsupplemented artificial seawater , and is culturable after 6 months in the starvation regime (unpublished data). By comparison, other well-defined laboratory strains used in starvation studies, such as Escherichia coli K 12 and Salmonella typhimurium, sustained only 40 and 30% viability respectively after 1 week in similar conditions (Reeve et al., 1984~) .
Several factors may contribute to the prolonged survival of starved cells. The importance of protein synthesis during starvation has been shown by the decreased survival of E. coli when amino acid analogues are supplied or when protein synthesis is inhibited (Reeve et al., 19846) . Increased survival after other shifts in exogenous conditions may also involve specific protein synthesis. Some of the proteins synthesized in E. coli and S. typhimurium during carbon starvation are also observed in the heat-shock, SOS, and other stress responses (Gottesman, 1984; Spector et al., 1986; Groat & Matin, 1986) .
Starvation conditions result in changes in the protein makeup of marine strains, as demonstrated by two-dimensional gel electrophoresis (Jouper-Jaan et al., 1986; Amy & Morita, 1983) and by the production of starvation-specific antibodies (Albertson et al., 1987) . A comparison of the changes in protein composition indicated that three marine isolates exhibited different patterns of synthesis and degradation in response to the starvation conditions (JouperJaan et al., 1986) . Changes in protein makeup during starvation have also been demonstrated for the marine Vibrio Ant 300 (Amy & Morita, 1983) . However, in these experiments changes due to T . NYSTROM, N . ALBERTSON AND S . KJELLEBERG specific starvation-induced synthesis cannot be distinguished from proteolytic modification. An overlap in the set of genes expressed during starvation and recognized stress regulons (e.g. the heat-shock response, the SOS response) has not been investigated in marine organisms. Three questions with respect to membrane and periplasmic proteins are addressed in this study. (i) Are the starvation proteins previously detected in Vibrio S14 (Albertson et al., 1987; Jouper-Jaan et al., 1986) results of de novo synthesis during starvation or of proteolytic modification? (ii) Is the synthesis of starvation proteins a result of sequential induction during the starvation period studied (120 h)? (iii) Is there an overlap between the proteins induced by starvation and by heatand ethanol-shock in the marine Vibrio sp. S14? Possible functions of the starvation-induced proteins are discussed.
METHODS
Organism, cultivation and starvation conditions. The marine Vibrio sp. S14 (CCUG 15956) used in this study is described by MArdtn et al. (1987) . S14 was grown on VNSS, containing 1-0 g peptone, 0.5 g yeast extract, 0.5 g glucose, 0.5 g starch, 0.01 g FeSO,. 7H20,0-01 g Na2HP04 per litre NSS. A nine-salt solution (NSS) was used for washing the bacteria and in the starvation regime (MArdtn et al., 1985) . A minimal medium (MNSS) containing 2.0g glucose, 1.1 g (NH,)2S04, and 0.27 g K2HP04 per litre NSS was used in the protein degradation experiments. Cells were grown and starvation regimes prepared as described by Albertson et al. (1987) . Cells starved for 0, 3, 5, 10, 24 and 120 h were analysed in this study.
Labelling of cells and analysis by SDS-PAGE. Samples (20 ml) of cells were pulse-labelled for 10 min with 3.4 nmol~-[4,5-~H]leucine (specific activity 4.44 x lo6 MBq mmol-l, New England Nuclear) during growth and at appropriate intervals during starvation. Incorporation was terminated by the addition of 100 pg nonradioactive leucine ml-l. The cell suspension was centrifuged, fractionated (Achtman et al., 1983) , and proteins from membrane and periplasmic fractions were solubilized, and separated by electrophoresis as previously described (Albertson et al., 1987) . The gels were stained with Coomassie blue and analysed by densitometry at 633 nm (LKB UltroScan XL 2220). To determine the radioactivity incorporated into specific proteins, the gels were sliced (1 mm) and the radioactivity was measured after digestion overnight (37 "C) with Econofluor containing 7.5% Protosol (New England Nuclear). Cells labelled and fractionated in two separate experiments resulted in similar incorporation and protein patterns.
Heat-and ethanol-shock. Cells were grown to a density of 2 x lo8 cells ml-l in VNSS, then centrifuged and suspended into new media: VNSS at 26 "C (control), VNSS at 40 "C, and VNSS containing 10% (v/v) ethanol. Turbidity was followed spectrophotometrically (61 0 nm) and viability was monitored by measurement of the number of respiring cells (Zimmerman et al., 1978) . Cells were harvested after 30 min, fractionated, and analysed by gel electrophoresis.
Determination ofprotein degradation. A 20 ml culture of Vibrw sp. S14 was grown for two generations in VNSS supplemented with 3.4 nmol~-[4,5-~H]leucine (4.44 x lo6 MBq mmol-l ; New England Nuclear). The cells were then harvested, washed twice, and suspended in three different media each containing 100 pg nonradioactive leucine ml-l. Protein degradation was determined in growing cells (VNSS, generation time 40 min), in cells grown on amino-acid-deficient minimal medium (MNSS, generation time 170 min), and in cells starved for both nutrients (phosphorus and nitrogen) and carbon (NSS). The rate of protein degradation was expressed as the percentage of the zero-time TCA-precipitable counts released as TCA-soluble material per hour, according to Reeve et al. (1984~) .
Protein determination. Protein concentrations were determined by the method of Whitaker & Granum (1980) . Samples were prepared according to Nystrom et al. (1986) .
RESULTS

Synthesis of individual proteins during starvation and heat-and ethanol-shock
Representative polypeptide patterns of outer membrane fractions obtained from growing and starved (10 h) cells are presented in Fig. 1 , and periplasmic protein patterns of growing and starved (24 h) cells are presented in Fig. 2 . The proteins that increased in synthesis relative to the non-starved control are marked. The synthesis of different proteins was initiated throughout the starvation period (120 h), resulting in the induction of nine outer membrane proteins, six periplasmic proteins and four cytoplasmic membrane proteins (Fig. 3) . Heat-shock induced sixteen proteins, seven-of which over-lapped with the starvation-induced proteins. Ethanol treatment resulted in the synthesis of fifteen new polypeptides. Eight of these were also identified as starvation-inducible proteins. The locations of the heat-and ethanol-inducible proteins, and the extent of overlap between the two treatments, are depicted in Fig. 3 . Proteins induced by heat overlapped significantly with those induced by ethanol treatment, where thirteen were identical. In the cytoplasmic membrane, four starvation-induced proteins were detected, all of which were also induced by heat-and/or ethanol-shock (Fig. 3) .
To ensure that the proteins studied were the result of de mvo synthesis, cells were pulselabelled during starvation, and the incorporated radioactivity in the proteins eluted from gels was measured. The radioactivity incorporated into two periplasmic proteins, PP1 and PP5, was determined at 0,3 and 24 h of starvation (Fig. 4) . The rate of synthesis of PP5 was highest at 3 h of synthesis of the starvation-specific periplasmic proteins PP1 and PP5 at 0 (H), 3 (a), of starvation. The synthesis rate was calculated by dividing the radioactivity from each gel total radioactivity loaded on the gel. The experiments were done in duplicate with deviations between replicates. The experiments were done in duplicate with insignificant deviations between replicates. loo of starvation, when it comprised 1.4% of the total radioactivity incorporated by the cell during the pulse period. This rate had decreased at 24 h of starvation although it was still at least 30 times that found at the onset of starvation. This pattern of synthesis, with a maximum in rate at 3 or 5 h of starvation, was the most common found in the proteins examined (i.e. PP5,7,8,OMP5, 6,7,11 and CMP1,2,3,4). However, the rate of synthesis of other proteins (PP1,6 and OMP10) increased during starvation, becoming greatest at 24 h or 120 h, while the synthesis of PP9 was initiated between 24 and 120 h. The starvation-induced outer membrane protein OMPl was only detected at 5 and 10 h of starvation and OMP2 and OMP3 were only seen at 3 , 5 and 10 h of starvation.
Protein degradation Complete energy and nutrient starvation caused a marked increase in protein degradation as compared to growth. During the initial phase of starvation, S14 exhibited a proteolysis rate of 5 % per hour, as against 0-3 % for growth on complete medium or 1 % for growth on amino-aciddepleted medium (Fig. 5) . The labelling procedure used in this study leads to the incorporation of the label into relatively stable proteins (Miller, 1987) , and it is the degradation of these that is reflected in the rates of proteolysis. Viability of S14 during heat-and ethanol-shock The heat and ethanol treatments immediately inhibited growth of S14 cells. However, no cell lysis could be detected and the number of respiring cells remained 100% during the treatment as determined by the method of Zimmerman et al. (1978) . S14 also remained 100% viable as determined by both c.f.u. and the number of respiring cells throughout the starvation period studied (120 h).
DISCUSSION
The importance of protein degradation for the survival of E. coli K12 and S. typhimurium during carbon starvation has been demonstrated by the use of peptidase-deficient mutants (Reeve et al., 1984a) . These mutants displayed an impaired starvation survival response in comparison to the wild-type. The function of protein degradation in starving cells may be to provide amino acids for the synthesis of new survival-related proteins, as well as to inactivate proteins deleterious to starving cells. However, the increased rate of proteolysis demonstrated in this study may be due to the fact that certain enzymes become more susceptible to degradation when their substrates are present in decreasing amounts during starvation (Miller, 1987) . The experimental protocol followed allows for only a limited characterization of protein degradation. Only changes in relatively stable proteins of growing cells can be detected. Since fewer than 50 proteins comprise more than 50% of the bulk protein in E. coli (Miller, 1987) , calculations of protein degradation can be misleading. Large quantitative changes can mask smaller, and perhaps more important, qualitative changes.
Starvation induces temporal and transient changes in the protein composition of the marine Vibrio S14. The greatest number of changes was detected at 3 and 5 h of starvation, which may coincide with the utilization of the accumulated storage polymer poly-/?-hydroxybutyrate (PHB) (MBrdCn et al., 1985) . An attempt to correlate the rate of protein synthesis (Nystrom et al., 1986) , total amount of protein and utilization of PHB (Mgrdkn et al., 1985) is presented in Fig. 6 .
T . NYSTROM, N . ALBERTSON A N D S . KJELLEBERG
Increased incorporation rates of leucine and methionine (Nystrom et al., 1986) , and an increase in respiration rate (MArdCn et al., 1985) during the first 3 to 4 h as compared to the onset of starvation have been demonstrated for S14.
The most common synthesis pattern of starvation proteins in S14 is exemplified by PP5, with a maximum in rate of synthesis during the first few hours of starvation (Fig. 4) . However, some proteins increased throughout the starvation period, although the time at which they were induced ranged from 0 to more than 24 h after the onset of starvation. It is possible that several regulons are involved in a sequential starvation response of S14. These may be induced by exogenous as well as a series of time-dependent endogenous energy and nutrient shifts. Some of the initial-phase starvation proteins may also be involved in the response of S14 to heat-and ethanol-shock. The overlapping proteins appeared to belong to those induced during the first hours of starvation, and displayed the kinetics of the PP5 protein. The extent of overlap in response to various stress stimuli varies between strains and conditions (Groat & Matin, 1986; Spector et al., 1986; Morgan et al., 1986) . Recognized features of several global regulatory networks, in particular the heat-shock response, involve the role of stress-response-specific proteases (Miller, 1987; Gottesman, 1987; Neidhardt, 1987) . A role for the production of starvation-specific proteases in the survival of Vibrio S 14 during exogenous energy and nutrient deprivation may be suggested. However, the importance of proteolysis during the long-term as well as the initial phase of starvation needs further investigation.
Additional functions of the starvation-specific proteins observed in this study may be suggested. Some of the proteins induced in S14 during nutrient and energy deprivation may be involved in substrate capture and transport. MBrden et al. (1987) showed that two separate binding-protein-dependent uptake systems for amino acids were differently modulated during starvation. The V,,, of the high-affinity uptake system increased during starvation, while the opposite occurred for the low-affinity system. Another aspect of substrate capture during starvation is indicated by the production of extracellular proteases by S14 cells (unpublished data). Proteases capable of degrading a wide range of substrates were exuded even after cells were starved for 120 h.
The outer membrane protein profiles of S14 resembled those of E. coli (Owen et al., 1987) and Klebsiella aerogenes (K. pneumoniae) (Sterkenburg et al., 1984) with OmpF,C,A-like proteins between 34 and 38 kDa. The influence of nutrient limitation on the outer membrane proteins of K. aerogenes has been studied by Sterkenburg et al. (1984) . Ammonium limitation induced a 46 kDa protein and glucose limitation a 48 kDa protein in K . aerogenes; these proteins are comparable in size to OMPlO and OMPl 1 induced in starved S14 cells (Fig. 1) . The outer membrane starvation-specific proteins may be involved in altering the capacity for S14 cells to adhere to surfaces. The increased adhesion to inanimate surfaces and increased degree of hydrophobicity of some marine bacteria during starvation has been reported (Kjelleberg & Hermansson, 1984; Hermansson et al., 1987) . The transient and/or permanent effect on adhesion and cell surface hydrophobicity by the starvation-induced outer membrane protein modulation is presently being investigated.
In conclusion, pulse-labelling demonstrated that all but one of the starvation-induced antigens detected by Albertson et al. (1987) were synthesized de novo. The antigen that failed to incorporate radioactive leucine may be non-proteinaceous since it was heavily stained by silver but not by Coomassie blue. Most of the starvation-induced proteins were found at 3 h of starvation; however, since new starvation proteins were also found at 5, 10, 24 and 120 h, a sequential induction of genes may be hypothesized. Finally, the overlap among proteins induced by different stress conditions is extensive (Fig. 3) . However, each stress also induces a unique group of proteins. This study was supported by a grant from the Swedish Natural Science Research Council.
